DNA double-strand breaks (DSBs) are deleterious lesions that can lead to chromosomal anomalies, genomic instability and cancer. The histone protein H2AX has an important role in the DNA damage response (DDR) and the presence of phospho-H2AX (cH2AX) nuclear foci is the hallmark of DSBs. We hypothesize that ongoing DNA damage provides a mechanism by which chromosomal abnormalities and intratumor heterogeneity are acquired in malignant plasma cells (PCs) in patients with multiple myeloma (MM). Therefore, we assessed PCs from patients with the premalignant condition, monoclonal gammopathy of undetermined significance (MGUS) and MM, as well as human MM cell lines (HMCLs) for evidence of DSBs. cH2AX foci were detected in 2/5 MGUS samples, 37/40 MM samples and 6/6 HMCLs. Notably, the DSB response protein 53BP1 colocalized with cH2AX in both MM patient samples and HMCLs. Treatment with wortmannin decreased phosphorylation of H2AX and suggests phosphoinositide (PI) 3-kinases and/or PI3-kinaselike family members underlie the presence of cH2AX foci in MM cells. Taken together, these data imply that ongoing DNA damage intensifies across the disease spectrum of MGUS to MM and may provide a mechanism whereby clonal evolution occurs in the monoclonal gammopathies.
Introduction
Multiple myeloma (MM) is an aggressive and typically fatal hematological malignancy that is characterized by the clonal expansion of malignant plasma cells (PCs) in the bone marrow (BM). 1 It is now known that MM is preceded by a stable precursor condition termed monoclonal gammopathy of undetermined significance (MGUS), 2, 3 and the progression rate of MGUS to MM is B1% per year. 4 Unfortunately, the precise mechanism(s) underlying progression has yet to be determined; however, acquisition of additional chromosomal abnormalities and/or mutations is believed to have a role.
Importantly, abnormal PCs in both MGUS and MM possess numerous chromosomal abnormalities, each of which alone or in combination may underlie initial abnormal PC clonal expansion. It is also generally believed that additional PC intrinsic genetic changes are required for the progression from MGUS to MM. 5 A specific example of a commonly observed chromosomal abnormality in both MGUS and MM is translocations involving the immunoglobulin heavy chain (IgH) locus. Indeed, IgH translocations are detected in over half of patients with MGUS and MM and this high frequency is believed to reflect errors associated with repair of DNA double-strand breaks (DSBs) that are naturally introduced during the process of IgH class switch. 6 Other natural processes involving the generation of DSBs within the Ig locus include VDJ recombination and somatic hypermutation. 6 Although each of these naturally occurring genetic events is believed to be tightly regulated, it remains possible that they could also lead to oncogenic off-target mutations. 7 The activation of oncogenes is known to promote unscheduled replication of premalignant and malignant cells, which can result in replicative stress and additional DSBs. 8 Consequently, we hypothesize that inadvertent DSBs and genomic instability may underlie both transformation and clonal evolution in the monoclonal gammopathies.
Because DSBs can clearly lead to chromosomal abnormalities, 9 the integrity of cellular DNA is closely monitored and an intricate repair program is immediately activated following detection of DNA damage. 10 In this regard, H2AX, a member of the H2A family of histones, is one of the key components involved in the initial DNA damage response (DDR). Within minutes of DSB formation, one of the phosphoinositide 3 (PI3)-like kinases (ataxia telangiectasia mutated (ATM), DNAdependent protein kinase and/or ataxia telangiectasia and Rad3 related (ATR)) 11 becomes activated and phosphorylates H2AX on a carboxyl serine residue (Ser 139) to generate gH2AX. Previous findings suggest that multiple H2AX molecules within a 2-Mbp region around each DSB become phosphorylated to create a gH2AX focus. 12, 13 The function of gH2AX foci remains unclear but it is believed that they may aid in the recruitment and accumulation of DNA damage repair proteins such as 53BP1, Mre11, Rad50 and Nsb1. 14, 15 Given that each gH2AX focus is believed to represent a single DSB, immunohistochemical detection of gH2AX foci is a sensitive method for detection of DNA damage. 16 Recently, several reports have shown that a variety of primary malignancies 8, [17] [18] [19] possess gH2AX foci in the absence of DNA inducing agents. To our knowledge, whether primary patient MM cells exhibit gH2AX foci has yet to be reported; however, several reports have demonstrated that gH2AX foci can be experimentally induced by various compounds in MM cells. [20] [21] [22] There is also evidence for phosphorylated H2AX in freshly plated human MM cell lines (HMCLs); however, analysis of constitutive gH2AX foci was not the focus of this study. 23 Given that both MGUS and MM are known to possess significant chromosomal abnormalities, the primary goal of our study was to assess primary MM patient samples and HMCLs for evidence of DSBs.
Materials and methods

Patient material
MGUS and MM patient samples were collected as part of routine clinical examination. Written informed consent to participate in this study was provided by all subjects in accordance with the Declaration of Helsinki and the Mayo Clinic Institutional Review Board. MGUS patients were asymptomatic and had o10% BM clonal PCs while patients diagnosed with MM had 10% or greater clonal BM-PCs, as defined. 24 Normal control PCs were isolated from the BM of patients undergoing spine surgeries without coincident B lineage malignancies. MM patients and normal control subjects were on average 65.2 ± 12.3 and 63.1 ± 14.1 years old, respectively. Malignant and control BM aspirates were enriched for PCs by magnetic cell separation using a human CD138 positive selection kit (STEMCELL Technologies, Vancouver, Canada) and a Robosep Cell Separator (STEMCELL Technologies, Vancouver, Canada). Control B cells were purified from normal donor blood using a human B cell enrichment kit (STEMCELL Technologies) and a RoboSep.
Cell lines, culture medium and reagents
The HMCLs ANBL-6, DP-6 and KAS-6/1 have been previously described. 25 ,26 VP-6 was established from primary patient MM cells but has not yet been described. Sister HMCLs, ALMC-1 and ALMC-2, were derived from a patient diagnosed with primary amyloidosis, who ultimately relapsed with MM. 27 HL-60 cells were purchased from ATCC. The ANBL-6, ALMC-1, ALMC-2, KAS-6/1 and VP-6 HMCLs were maintained in IMDM (Invitrogen, Carlsbad, CA, USA) while the DP-6 HMCL and HL-60 cells were maintained in RPMI 1640 (Invitrogen). Media was supplemented with 10% fetal calf serum, 100 U/ml penicillin G, 50 mg/ml gentamicin, 100 mg/ml streptomycin, 2 mmol/l glutamine and 1 ng/ml IL-6 (Novartis Pharma, Basel, Switzerland). HMCL experiments were performed at least 30-36 h following plating. Wortmannin was purchased from Sigma-Aldrich (St Louis, MO, USA).
Immunofluorescence analysis gH2AX foci analysis was performed using cytospin preparations of cells mounted on glass slides using a Thermo Shandon cytospin 2 (Thermo Fisher Scientific, Waltham, MA, USA). For gH2AX foci analysis of primary patient and normal control cells, slides were prepared as soon as PC or B-cell sorting was completed, which was typically within 4 h following collection of BM or blood. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton-X in phosphate buffered saline for 10 min and then incubated with pre-cleared 5% milk in phosphate buffered saline for 1 h at room temperature to reduce non-specific binding. Cells were then incubated with an antigH2AX-fluorescein isothiocyanate conjugated antibody (Ab) (Biolegend, San Diego, CA, USA) (1 mg/ml) for 1 h at room temperature in the dark. Subsequently, cells were incubated with an anti-Ig (H þ L)-Texas-Red Ab (Southern Biotech, Birmingham, AL, USA) (1 mg/ml) for 30 min at room temperature in the dark. To assess PCs in the S phase of the cell cycle, cells were pulsed with 10 mM 5-bromo-2 0 -deoxyuridine (BrdU; SigmaAldrich) for 1 h before cytospin preparation. Before gH2AX staining, cells were incubated with the BrdU-specific monoclonal antibody, BU-1 (prepared internally at Mayo Clinic), for 1 h at 37 1C and then incubated with a rhodamine-conjugated anti-mouse Ig secondary Ab for 30 min at 37 1C. 28 Following all staining protocols, cells were mounted with Vectashield containing 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories Inc., Burlingame, CA, USA) and viewed using an Olympus AX 70 fluorescence microscope (Olympus Imaging America Inc., Center Valley, PA, USA). Images were acquired using an Olympus DP71 microscope digital camera (Olympus Imaging America Inc.) equipped with Olympus DP Manager Software (Olympus Imaging America Inc.). In order to calculate percentage of gH2AX-expressing cells, all cells within a field were analyzed until at least 100 cells were scored. In addition, the numbers of foci within all gH2AX-positive cells were counted in order to determine the mean number of foci ± s.d. If no gH2AX foci were observed following this protocol, the entire slide, containing B10 000 cells, was scanned.
PC labeling index, karyotyping and fluorescence in situ hybridization studies PC labeling index (PCLI), metaphase karotype and fluorescence in situ hybridization analyses are clinical tests routinely performed for patients with monoclonal gammopathies and were completed by the Mayo Clinic Hematopathology Cell Kinetics and Cytogenetics Laboratories, respectively.
Flow cytometry
On the day of analysis, cells were pulsed with 10 mM BrdU for 2 h. BrdU incorporation and phosphorylated H2AX was determined according to the BrdU flow kit protocol (BD Biosciences, San Diego, CA, USA). Cells were analyzed for BrdU incorporation and gH2AX content using a FACSCAN flow cytometer (BD Biosciences). Data were analyzed using FlowJo analytical software (TreeStar, Ashland, OR, USA).
Immunoblotting
Western blotting and detection of immunoreactive proteins were performed as previously described. 29 gH2AX, p53 and b-actin were detected using an anti-gH2AX Ab (Biolegend), an anti-p53 Ab (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and an anti-b-actin Ab (Novus Biologicals, Littleton, CO, USA). The DNA damage proteins ATM, ATR, Chk1 and Chk2 were detected using primary Abs from a DNA damage Ab sampler kit (Cell Signaling Technology, Inc., Danvers, MA, USA).
p53 mutational analysis
Total RNA was isolated from the HMCLs using the Trizol method (Invitrogen). Two micrograms of total RNA was converted to cDNA using the GE Healthcare (Piscataway, NJ, USA) First Strand cDNA Synthesis kit with random hexamer primers. Amplification was carried out using the QIAGEN HotStarTaq MasterMix kit with Q solution (QIAGEN Inc., Valencia, CA, USA). Beta (b)-actin served as an internal control as previously described. 
Results
gH2AX is localized to nuclear foci in primary MM PCs
In a study by Yang et al., 23 phosphorylated H2AX was detected in freshly plated HMCLs by immunoblot; primary patient MM cells were not assessed in this study. Although immunoblotting is an excellent method of detecting phosphorylated H2AX, detection of gH2AX foci via immunofluorescence (IF) is a more sensitive assay and allows for distinction between discrete gH2AX foci and pan-nuclear staining. 10 Distinct nuclear gH2AX foci have also been well established as indicators of DSBs; and thus, we began our study by performing IF staining for gH2AX in freshly isolated primary MM patient samples. In all, 37/40 MM samples were found to possess cells exhibiting gH2AX foci. Notably, the numbers of foci were generally found to vary from cell to cell; however, cells were considered to be gH2AX positive if they possessed one or more gH2AX foci. This scoring system was employed based on the knowledge and importance of the fact that even a single DSB is so deleterious, that if unrepaired, can be lethal. 31 Importantly, the majority of gH2AX-positive cells possessed more than one gH2AX foci. Figure 1a illustrates representative results from five different MM patient samples with various levels of gH2AX foci. Table 1 HMCLs also exhibit constitutive gH2AX foci The data described above clearly demonstrate that a large proportion of primary MM patient PCs exhibit gH2AX foci. Because numbers of primary MM cells are typically limited and are thereby prohibitive to mechanistic studies, we next wished to assess whether HMCLs also exhibit gH2AX foci. As shown in Figure 1b , all six of the HMCLs tested were found to exhibit constitutive gH2AX foci. The number of gH2AX-positive cells was found to vary considerably between the HMCLs and was also found to vary from cell to cell within a given cell line ( Figure 1c ).
Normal BM-PCs and normal B cells do not show evidence of gH2AX foci
To ascertain whether gH2AX foci were specific to MGUS and MM cells, we examined freshly isolated BM-PCs from 15 normal donors and freshly isolated normal blood B cells from 7 normal donors for the presence of gH2AX foci. Figure 1d shows representative IF findings from these studies. In each case, all cells on the slide were scanned and we failed to observe even a single normal B cell or normal BM-PC exhibiting gH2AX foci.
The presence of constitutive nuclear gH2AX foci does not correlate with phase of the cell cycle
The extent of H2AX phosphorylation has previously been shown to be associated with the phase of the cell cycle. 32 In general, S-and G2/M-phase cells tend to demonstrate higher levels of H2AX phosphorylation compared with G1 cells. Thus, it remained possible that the gH2AX-positive cells that we observed in the MM patient samples simply reflected cells in the S phase of the cell cycle. To address this possibility, we labeled HMCLs with BrdU and measured the levels of gH2AX in the G1, S and G2/M phases of the cell cycle. Under normal culture conditions, the majority of gH2AX was found to be present in the G1 and S phases of the cell cycle (data not shown). IF analysis revealed both BrdU-positive (S/G2M phase) and BrdU-negative (G1) cells possessing gH2AX foci (Figure 2a) . Finally, we examined whether there was a correlation between the number of cells possessing gH2AX foci in primary MM patient samples and their respective PCLI. As illustrated in Figure 2b , we did not observe an obvious correlation. Statistical analysis using the Spearman's rank correlation test resulted in a Spearman coefficient r ¼ 0.29 and a P-value of 0.07 and thus, confirmed a lack of correlation between percentage of gH2AX foci and PCLI. These data suggest that constitutive gH2AX in MM patient samples may not be primarily attributed to cycling cells and could indeed be reflective of DSBs induced in a cell cycle-independent manner.
53BP1 colocalizes with gH2AX nuclear foci H2AX knockout cells have been shown to have impaired recruitment of the DNA repair proteins NBS1, BRCA1 and 53BP1. 33 Recruitment of DNA repair proteins to gH2AX foci is generally thought to provide further evidence that gH2AX foci reflect genuine sites of DSB. 34 To investigate whether the gH2AX foci in MM cells show evidence of additional DNA repair proteins, we costained primary MM patient cells and HMCLs for gH2AX and 53BP1. Clear colocalization of gH2AX and 53BP1 was observed in all four of the primary MM samples tested and in all six HMCLs (representative results are displayed in Figure 2c ). These findings suggest that the gH2AX foci in MM cells reflect genuine sites of DSBs and provide evidence of ongoing DNA damage in BM resident MM cells.
Activation of DNA damage signaling molecules in HMCLs
H2AX is a substrate of the PI3-kinase-like kinases ATM, ATR and DNA-dependent protein kinase. 10 Upon cellular sensing of DSBs, one or more of these kinases becomes activated and in turn phosphorylates H2AX and several other downstream signaling molecules. 35 We next sought to determine which DNA damage signaling molecules, in addition to gH2AX, were activated in the HMCLs in the absence of DNA damage inducing agents. As shown in Figure 3a , all six of the HMCLs showed robust phosphorylation of ATR and varying levels of phosphorylation of the downstream ATR signaling target Chk1. ANBL-6 was the only HMCL to show constitutive phosphorylation of Chk2. Of note, phosphorylation of ATR, Chk1 and H2AX was not observed in normal B cells, normal T cells or normal peripheral blood mononuclear cells (Figure 3a, right panel) . Although robust phosphorylation of ATM was not detected in the HMCLs (data not shown), exposure to ionizing radiation was able to induce phosphorylation of ATM in the HMCLs. (ANBL-6 is shown as a representative HMCL in Figure 3b .) These results suggest that the DNA damage pathway that is activated in MM cells may be largely ATR dependent.
PI3-kinase inhibition decreases gH2AX
Wortmannin is a PI3-kinase inhibitor that is able to inhibit the DNA damage signaling proteins ATM and DNA-dependent protein kinase at concentrations around 20 mM while inhibition of ATR requires concentrations closer to 200 mM. 36 Because ATR is thought to be responsible for preventing replication of damaged DNA and generally signals upstream of gH2AX in the DNA damage signaling pathway, 10 we next treated cells with wortmannin in an effort to determine if either concentration of drug had an impact on levels of phosphorylated H2AX.
As shown in Figure 4 , treatment of the HMCLs with both 20 and 200 mM wortmannin resulted in decreased phosphorylation of H2AX. Of note, complete inhibition of ATR and H2AX phosphorylation was only observed when the cells were treated with the higher concentration of wortmannin. These data suggest that ATR may be having a dominant role in the phosphorylation of H2AX in MM cells.
HMCLs display evidence of p53 mutations
Activation of the DDR is believed to initially function as a barrier against tumor progression. 8, 17, 18 However, continuous activation of this pathway in malignant cells is believed to select for those cells containing p53 mutations or deletion of p53. 37 Re-examination of the clinical characteristics of our primary MM patients (Table 1) showed that patients possessing a higher [18] ,add(1)(q21) [15] , add(2)(q31),À4,+5,À6,add(6)(q21),add(7)(q32) [16] ,i(7)(p10) [2] ,À8,+9, À10 [12] ,À10 [3] ,der(10) add(10)(p11.2)add(10)(q24) [14] , +add(11)(p11.2),À12,À14 [3] , add(14)(q32) [15] ,+15 [16] ,add(15)(q24) [15] , add (15) percentage of cells with gH2AX foci tended to be positive for loss of 17p. Thus, we next examined our HMCLs for expression of p53 and p53 mutations. Compared with HL-60 cells, which are known to be p53 negative, 38 all HMCLs, with the exception of DP-6, expressed relatively high protein levels of p53 (Figure 5a ). High protein expression or accumulation of p53 is often indicative of p53 mutations. 38 Indeed, p53 mutation analysis revealed that all HMCLs tested possessed p53 mutations (Figure 5b ). Using the IRAC TP53 database (http://wwwp53.iarc.fr/), we were able to determine that each of these specific p53 mutations have previously been detected and reported in various malignancies. These data suggest that constitutive activation of the DDR may provide selective pressure for p53 mutations or loss of p53 in MM cells.
Discussion
The goal of the current study was to examine primary malignant PCs from patients with MM for evidence of genetic instability as revealed by the presence of phosphorylated H2AX, a sensitive marker of DSBs. Indeed, IF analysis revealed the presence of distinct nuclear gH2AX foci in a high percentage of freshly isolated MM patient samples, and all HMCLs tested. A limited analysis of MGUS PCs provocatively revealed that two out of five MGUS patients studied included PCs with evidence of gH2AX foci. Importantly, gH2AX foci were not observed in any of the normal PC or B-cell samples examined. Our study also demonstrates that MM cells display high levels of constitutive ATR activation, which may be indicative of replicative stress. Finally, we show that the PI3-kinase inhibitor (wortmannin) inhibits H2AX phosphorylation, suggesting a critical role for this family of kinases in the DDR exhibited by MM cells. To our knowledge, this is the first evidence demonstrating constitutive gH2AX foci and activation of a DDR in primary MM cells.
The presence of gH2AX foci, as well as variability in the number of gH2AX foci, has previously been shown in a variety of primary tumors and cell lines. In fact, Yu et al. 39 observed gH2AX foci in 17 different tumor cell lines and demonstrated that foci numbers varied from cell to cell within the cell lines and that cell lines possessing overall higher numbers of gH2AX foci tended to have more structural chromosomal rearrangements and/or possessed mutant p53. Examination of the clinical characteristics of our MM patients revealed that, in general, patients possessing higher levels of gH2AX foci also tended to exhibit greater chromosomal abnormalities as revealed by metaphase karyotyping and FISH analysis. Because the cohort of patients studied was heterogeneous and included untreated and treated patients, we lack the statistical power to correlate gH2AX foci numbers with clinical outcome data. Of interest, however, within our patient cohort we had one instance in which we had obtained two samples from the same patient, 11 months apart. Notably, the latter sample displayed an increased percentage of gH2AX-positive PCs, which was taken following stem-cell transplant relapse. This very preliminary result suggests there may be clinical utility in measuring levels of gH2AX foci as a tool to identify patients undergoing disease progression. In this regard, larger studies of gH2AX foci in serial MM patient samples obtained over time are clearly warranted and are currently in progress. Overall, these results suggest that a large proportion of MM patient samples exhibit gH2AX foci and that these foci tend to be associated with greater numbers of chromosomal abnormalities, which may signify chromatin instability.
Because the presence of gH2AX foci may have utility in predicting disease progression, we also studied a very small series of patients with the premalignant condition, MGUS. We provocatively observed that two out of five MGUS patients displayed gH2AX-positive PCs. It is interesting to note that upon re-review of the two gH2AX-positive MGUS patients, one MGUS patient displayed a monoclonal immunoglobulin (M protein) level (0.5 g/dl) consistent with a diagnosis of MGUS, yet 15% BM-PCs, a level more consistent with a diagnosis of smoldering MM. This patient died from MM B1 year after diagnosis of MGUS. Although our MGUS results are anecdotal due to the size of our cohort, they do suggest that analysis of a larger cohort of MGUS patients for H2AX-positive PCs and disease progression may be warranted. It is also important to acknowledge that normal PC contamination is a known limitation of CD138 sorting of MGUS and MM patient samples. Because MGUS samples are much more likely to contain normal PCs, it was possible that the three MGUS patients (and three MM patients) that were negative for H2AX-positive PCs were false negatives due to our scoring system which typically evaluated 100 cells. To overcome this limitation, all cells on these slides were scanned for H2AX foci and all were found to be negative. Therefore, we consider it unlikely that normal BM-PCs are obscuring detection of H2AX-positive abnormal PCs in these patient samples. Concerning patient samples that did display H2AX-positive PCs, because normal BM-PCs are completely negative for H2AX foci, we believe that the actual percentage of gH2AX-positive cells in the individual samples may actually be higher than reported due to this factor.
Although a variety of factors can induce the appearance of nuclear gH2AX foci, a number of recent studies have suggested that gH2AX foci in tumor cells arise as a result of replication stress. 8, 17 Replication stress or a block in replication arises when replication fork barriers such as secondary DNA structures or DNA damage are encountered during the S phase of the cell cycle, 40 resulting in activation of the DDR pathway in order to repair the DNA and faithfully restore DNA integrity. However, if the DNA damage is irreparable, cells undergo apoptosis in order to avoid the accumulation of deleterious chromosomal anomalies. 18 In early cancer development, it is believed that cells experience replication stress due to the unscheduled proliferation induced by the activation of oncogenes. 18 Consequently, cells activate the DDR pathway and gH2AX becomes phosphorylated. Based on the fact that oncogenes are constitutively active in malignant cells, constitutive phosphorylation of H2AX in these cells is believed to be attributed to constitutive activation of the DDR. Indeed, Bartkova et al. 17 recently demonstrated that in both low and high grade gliomas, the DDR is constitutively activated and that several markers of ongoing DNA-replication stress could be detected. Thus, the authors concluded that activation of the DDR may be an early event in glioma tumorigenesis that may initially limit cell proliferation resulting in the selection of cells possessing mutations that facilitate checkpoint escape, and ultimately leading to tumor progression. 17 Interestingly, before the development of MM, MGUS clonal PCs clearly increase significantly in number allowing detection of the abnormal PC's secreted M protein. However, following this initial expansion, many MGUS patients display a remarkably stable M protein, suggesting the MGUS PC clone has reached a plateau. The biological reasons for the latter remain unclear; however, current dogma holds that progression to MM occurs following acquisition of additional critical mutations. Despite the fact that MGUS samples were limited in the current study, there appears to be an overall increase in gH2AX foci over the disease spectrum of MGUS to MM patient to HMCL. These data suggest that activation of the DDR may also occur early in MM disease development and may result in reduced or limited replication. The selection of cells possessing mutations able to overcome the DDR-induced checkpoint could then potentially result in disease progression to MM.
Our observations that ATR was constitutively activated in MM cells suggested the possibility that replication stress might underlie the induction of gH2AX foci. Unfortunately, there is no biochemical inhibitor that is absolutely specific for ATR; however, others have used the PI3-kinase inhibitor, wortmannin, to draw conclusions about the relative activity of ATM vs ATR. Thus, Sarkaria et al. 36 were the first to demonstrate that low wortmannin concentrations inhibit ATM (20 mM) while higher concentrations of wortmannin inhibit ATR (200 mM). This work was later confirmed in independent studies similarly showing ATR inhibition at the higher concentration. [41] [42] [43] Although the higher concentration of wortmannin was needed in our studies to completely inhibit phosphorylation of H2AX and is therefore suggestive of a primary role for ATR activation, we acknowledge that the lack of specificity of this inhibitor does not permit a definitive conclusion. In additional experimentation not shown, we have used ATR-specific siRNA as a more specific method of inhibiting ATR. Although we were able to achieve nearly complete downregulation of ATR using this approach, the effects of ATR silencing on levels of phosphorylated H2AX were modest, suggesting that other PI3-kinases may also have a role. Of note, prior work by Chanoux et al. 44 demonstrated that although ATR has an important role in H2AX phosphorylation in embryonic fibroblasts under replication stress, ATM and DNAdependent protein kinase have a role in H2AX phosphorylation in ATR-deficient cells. Thus, it remains possible that ATR does indeed have a primary role in replication stress-related H2AX phosphorylation in MM cells.
p53 is a tumor suppressor that has a critical role in regulation of the cell cycle. 45 In general, when a cell encounters stress (for example, DNA damage, replication stress and environmental stress) p53 becomes activated and induces cell-cycle arrest.
Recently, several reports have demonstrated that primary tumor samples and cell lines which demonstrate constitutive activation of the DDR and/or replication stress also possess mutations and/or loss of p53. 8, 17, 18 Constitutive activation of the DDR is hypothesized to result in selection of cells which possess either loss or mutation of p53, as such cells could then overcome cellcycle arrest. Overcoming cell-cycle arrest before repair of the aberrations which initiated it may then lead to the accumulation of additional mutations that stimulate proliferation. 37 Of note, loss or mutation of p53 is believed to be a late occurring event in MM. 5, 46 Analysis of the clinical characteristics of our MM patients demonstrated that in general patients with a higher percentage of gH2AX and additional chromosomal abnormalities also exhibited loss of 17p. Moreover, the PCLI of these patients also tended to be generally higher. Taken together, we hypothesize that MM patients that exhibit constitutive gH2AX foci also possess constitutive activation of the DDR, which leads to the selection of those cells that have acquired p53 mutations and/or loss of 17p. As a result, these cells accumulate additional chromosomal aberrations, which may contribute to disease progression.
Overall, our results suggest that constitutive activation of the PI3-kinase-dependent DNA damage pathway underlies constitutive phosphorylation of H2AX in MM patient samples and cell lines. Additionally, constitutive activation of this DDR pathway may be responsible for selection of cells with inactivated or deleted p53, which allows cells to overcome cell-cycle arrest and/or apoptosis and may ultimately lead to tumor and/or disease progression.
